Adaptation is a central focus of biology, although it can be difficult to identify both the strength and agent of selection and the underlying molecular mechanisms causing change. We studied cryptically colored deer mice living on the Nebraska Sand Hills and show that their light coloration stems from a novel banding pattern on individual hairs produced by an increase in Agouti expression caused by a cis-acting mutation (or mutations), which either is or is closely linked to a single amino acid deletion in Agouti that appears to be under selection. Furthermore, our data suggest that this derived Agouti allele arose de novo after the formation of the Sand Hills. These findings reveal one means by which genetic, developmental, and evolutionary mechanisms can drive rapid adaptation under ecological pressure.
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T o unravel evolutionary mechanisms in the wild, we must estimate the fitness advantage of adaptive alleles and infer their source, either as new or preexisting variation. In the Sand Hills of Nebraska, deer mice (Peromyscus maniculatus) have evolved a dorsal coat that closely matches their local habitat (Fig. 1A and  fig. S1 ). The Sand Hills are a dune field with soil mostly consisting of quartz grains (1, 2) that are lighter in color than the surrounding soils. P. maniculatus coat color is correlated with this soil color (3) , which is probably due to selection against avian predation (4) . Because lightcolored mice are conspicuous prey on dark soils (5) and because the Sand Hills are geologically young [dating between the end of the Wisconsin glacial period (10,000 to 15,000 years ago) to within the last 8000 years (6, 7)], the light coat coloration in Sand Hills mice represents a recent adaptation.
Wider hair bands make lighter mice. To a large extent, variation in mammalian pigmentation can be explained by the distribution and relative amounts of brown-black eumelanin and yellow-red pheomelanin pigments in individual hairs (8, 9) . Pigment-producing cells (melanocytes) at the base of hair follicles can switch between the production of these pigments during hair growth, resulting in hairs with different banding patterns. Many mammals, including laboratory mice, can have hairs containing a subapical band of pheomelanin on an otherwise eumelanic hair. In Peromyscus, this pheomelanic band is markedly wider in Sand Hills mice than in their darker conspecifics (Fig. 1B) . Accordingly, the light Sand Hills phenotype has been dubbed "wideband" (10) .
To evaluate the relationship between a mouse's overall lightness and the size of pheomelanic bands on its dorsal hairs, we compared band width and brightness in five wideband and five wildtype P. maniculatus (Fig. 1C) . Band width was measured by excising skin plugs from the dorsum and measuring the relative areas of yellow and black pigments in micrographs of the attached hairs (Fig. 1B) (11) . We quantified pelt brightness by measuring the percentage of light reflected using a spectrophotometer and found that band width and reflectance were strongly correlated (R 2 = 0.849; analysis of variance; n = 10 mice, P = 0.00015) (Fig. 1C) . Thus, the increased width of the subapical pheomelanic band on dorsal hairs is, to a large degree, responsible for the overall lighter color in mice derived from the Sand Hills.
Agouti is responsible for the wideband phenotype. Given its role in producing pheomelanin and its known phenotypic effects, Agouti is a strong candidate for the gene causing the wideband phenotype. In Mus musculus, knockouts of Agouti result in eumelanic (dark-colored) mice, overexpression of Agouti results in pheomelanic (light-colored) mice, and light alleles are generally dominant to dark ones (12) (13) (14) . Consistent with this dominance hierarchy, we found that all offspring from a cross between pure wideband (a wb /a wb ) and pure wild-type (a + /a + ) P. maniculatus were phenotypically wideband (n = 31 mice). Furthermore, a pulse of Agouti expression during hair growth in wild-type M. musculus correlates with the production of subapical pheomelanic bands (12, 15) . To determine whether the wideband phenotype in Peromyscus is caused by Agouti, we intercrossed P. maniculatus that were heterozygous for nonagouti (a -) (16), which is a melanic strain resulting from a recessive 125-kb deletion lacking Agouti expression (17) . The resulting ratio of wideband: nonagouti phenotypes among the offspring did not differ significantly from 3:1 (c 2 test; n = 49 mice, P = 0.46) (table S1), suggesting that the wideband phenotype segregates as a single dominant Agouti allele (18) . Furthermore, the 125-kb deletion segregated perfectly with coatcolor phenotype among the offspring; markers for other pigmentation genes (attractin and tyrosinaserelated protein 1) did not (table S1). Finally, no sequence differences were observed between wildtype, wideband, and nonagouti P. Agouti mRNA levels in wideband/nonagouti P. maniculatus were significantly higher than in wild-type/nonagouti mice (a wb /a -versus a + /a -t test, n = 8 mice, P = 0.0069, one-tailed) ( Fig.  2A ). This expression difference persisted when abundance of both alleles was measured separately in a wb /a + heterozygotes (a wb versus a + t test; n = 8 alleles, P = 0.00031, one-tailed) ( Fig.  2A ), demonstrating that one or more mutations acting in cis lead to an increase in Agouti expression (19) . These data indicate that a cis-acting mutation (or mutations) in, or linked to, the Agouti gene is responsible for the wideband phenotype. We also measured Agouti mRNA levels over a synchronized hair cycle (as hairs first emerge simultaneously in newborn mice) in neonatal wideband and wild-type P. maniculatus. Because Agouti initiates the production of the pheomelanic hair band during a pulse of expression occurring postnatally from day 3 to 7 in Mus musculus (15), we measured Agouti expression between birth and day 8 in wideband and wild-type P. maniculatus (Fig. 2B ). Between days 1 and 5 inclusively, Agouti mRNA was significantly more abundant in wideband mice than in wild-type (t tests; n = 7 to 9 mice for each time point, P < 0.05, one-tailed) (Fig. 2B ). Although Agouti expression peaks at day 4 in both wideband and wild-type mice, in wideband mice expression peaks above wild-type levels by day 1 and remains at or above this level until day 7 (Fig. 2B) . Thus, the pulse of Agouti expression during hair growth is both longer and higher in wideband postnatal mice, suggesting that increased Agouti expression is the underlying cause of the wideband phenotype in P. maniculatus.
Agouti produces two transcriptional isoforms, each with a different expression profile (15, 20) . The hair cycle-specific isoform that produces the hair band in Mus contains untranslated exons 1B or 1C and is expressed in a timed pulse during hair growth (15) . We sequenced exons 1B, 1C, 2, 3, and 4 in four wideband and four wild-type P. maniculatus and compared these with a P. maniculatus rufinus individual with a wild-type phenotype, as an outgroup. Within the transcript expressed in the hair cycle, we identified 20 nucleotide differences between wideband and wildtype mice, 11 of which were derived relative to the outgroup in wideband mice (Fig. 3A ). Seven differences (four derived) were observed within the coding region, of which two resulted in amino acid changes in wideband mice, a conservative amino acid substitution (Arg37Lys) and a serine deletion (residue 48), both in exon 2. All polymorphisms were perfectly associated with the wideband phenotype in laboratory populations of Peromyscus.
Wideband allele frequency in natural populations. To test whether any of these Agouti polymorphisms were associated with the wideband phenotype in nature, we captured 91 individuals from two phenotypically variable populations near the edge of the Sand Hills (Fig. 1A and table S2 ). We collected phenotypic (band width and brightness) and genotypic (Agouti hair-cycle transcript sequence and alleles at seven microsatellite markers) data for each individual. We pooled individuals from the two locations for association tests because we did not detect differences in color among the populations (brightness, t test; n = 91 mice, P = 0.90, two-tailed). Moreover, although the program STRUCTURE (21, 22) identified two genetic clusters (K = 2), which corresponded to geography [Fisher's exact test; n = 85 mice, P = 0.0039; mean fixation index (F ST ) across seven microsatellite loci was 0.020 T 0.003 SEM], there was no correlation with phenotype (brightness, t test; n = 91 mice, P = 0.89, two-tailed). These results suggest that mice do not mate assortatively on the basis of coat color and that darkcolored mice are not recent, genetically distinct migrants. Therefore, we hypothesized that light and dark mice interbreed with ample opportunity for recombination between the wideband and wild-type alleles.
Because band width and brightness were more variable in Sand Hills mice than in the laboratory populations ( fig. S2, A and B) , we used quantitative measures of both band width and brightness, rather than discrete categories, for association tests. At the Agouti locus, most of the hair-cycle transcript polymorphisms identified in the lab were also variable among Sand Hills mice (Fig.  3A) . Of these candidate polymorphisms, only the serine deletion in exon 2 explained variation in band width (13.2% of the observed variation) and in overall brightness (8.8% of variation) after correction for multiple comparisons (Fig. 3A) and was consistent with observed dominance patterns from laboratory crosses. Specifically, individuals with one or more copies of the deletion (a 
were phenotypically indistinguishable (t tests; n = 62 mice; band width, P = 0.81, two-tailed; brightness, P = 0.39, two-tailed).
This serine deletion occurs in an evolutionarily conserved region of the Agouti protein that interacts with Attractin, an accessory receptor thought to facilitate Agouti's role in pigmentswitching (23) . It is therefore possible that the serine deletion is directly responsible for the wideband phenotype. Alternatively, the deletion could be in linkage disequilibrium (LD) with the causal mutation (or mutations). We thus examined pat- wb ), the a wb allele is expressed at a higher level than the a + allele, suggesting that the causal mutation (or mutations) acts in cis. (B) Expression of Agouti transcript is significantly higher in wideband mice from postnatal day 1 to day 5 (asterisks denote significance at P < 0.05, t test, n = 3 to 6 mice for each genotype and time point). Agouti expression was measured relative to b-actin; data are mean T SEM.
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on August 27, 2009 www.sciencemag.org terns of LD upstream and downstream of the deletion. We observed significant LD across the entire 1-kb region flanking exon 2 and found that LD rapidly decays downstream (3′), but not upstream (5′), of the deletion (Fig. 3B) when we examined high-frequency polymorphisms (the minor allele frequency was >10%). Additionally, LD persisted as far as 19 kb upstream of the deletion but not past 600 bp downstream (table S3) . On the basis of these results, we cannot determine whether the serine deletion, a linked mutation, or both cause wide bands and light coats. Given the rapid decay of LD downstream of the deletion, the observed extended upstream LD may be due to epistatic selection on multiple coadapted mutations (24, 25) . Nonetheless, the haplotype containing the serine deletion (hereafter "wideband haplotype" or "wideband allele") explains a substantial amount of ecologically relevant phenotypic variation.
Selection on the wideband haplotype. To compare putatively adaptive (wideband or a DSer ) and neutral (wild-type or a + ) haplotypes, we examined nucleotide variation in the two haplotype classes. A significant reduction in variation, which was consistent with patterns expected under a selective sweep, was observed in the wideband haplotype as compared with that in the wild-type haplotype [number of segregating sites (S) = 52 and nucleotide diversity (p) = 0.0081 for n = 80 wideband versus S = 80 and p = 0.0133 for n = 102 wild type] (Fig. 4A) . We also found that the shape of the full site frequency spectra (SFS) for the haplotype classes differed between wild-type and wideband haplotypes (fig. S3) . The wildtype haplotype was not distinguishable from that predicted under a neutral equilibrium model, whereas the wideband haplotype showed a strong skew in the SFS, matching a hitchhiking model (a U-shaped SFS).
To distinguish between selective and neutral models, we performed a composite likelihood ratio (CLR) test (26) and separately evaluated the evidence for selection on the wideband and wildtype haplotypes [following the method in (27) ]. A significant signature of positive selection was observed for the wideband haplotype (CLR test; P = 0.012) but not on the remaining chromosomes (CLR test; P = 0.123). We then used the goodness-of-fit (GOF) test (28) on the wideband haplotype and found that the hitchhiking model could not be rejected (GOF P = 0.813). Finally, we employed the w max statistic (29, 30) and found that the LD patterns across the wideband haplotype were significantly different from those expected under neutrality (w max ; P = 0.041), whereas LD patterns for the wild-type haplotype classes were not (w max ; P = 0.345). Together, these results demonstrate that selection is probably acting on the wideband Agouti haplotype.
Additionally, these analyses identified a location at or near the serine deletion that is the nucleotide site that maximizes the significance of the CLR and w test statistics (26, 29) and thus is the most likely target of selection in our data (Fig.  3B) . Because patterns of variation around a selected site may only be expected to be symmetric on average, but not in any individual realization (26), the noted patterns of asymmetric LD surrounding the deletion are consistent with our conclusion (Fig. 3B) .
Strength and timing of selection. To estimate the selection coefficient acting on the wideband haplotype, we obtained maximum likelihood estimates of a = 2Ns, where N is the effective population size, via maximization of the composite likelihood function (26) and found an estimate of a = 112. Assuming N = 10,000 (31), this corresponds to an estimated selection coefficient of s = 0.0056. Using a parametric bootstrap (32), we obtained a 95% confidence interval (CI) (constructed with the percentile method) that spans from a = 56 to a = 207 (s = 0.0028 to 0.0104). Based on owl predation experiments (4) and the observed Agouti allele frequencies, we estimated that when on light soil wideband mice have a selective advantage s = 0.102 as compared with darker mice. This is certainly an overestimate of selection, given that predation rates were most likely artificially inflated in the enclosed arena tested (4) and that other loci probably contribute to the Sand Hills mouse phenotype. Nevertheless, both population genetic data and predation experiments suggest that selection for light color is strong, and our estimates fall within the range of selection coefficients for other color polymorphisms, including in beach mice (33) , pocket mice (5), ladybirds (34) , and land snails (35) .
Based on our estimates of the selection strength acting on the wideband allele, we inferred the timing of selection on this allele. From (37) , in which we found that over 99.9% of the posterior probability density falls on 0.5 ≥ T, 85.4% on 0.25 ≥ T, and~3.7% on 0.01 ≥ T, where T is the age of the beneficial allele in 4N generations (Fig. 4B) . Given that the estimated age of the Sand Hills is 8000 to 10,000 years (or~0.4 to 0.5 4N generations), our estimates suggest that this allele arose and underwent an incomplete sweep sometime after the formation of the Sand Hills.
Multiple lines of evidence suggest that the wideband allele arose de novo and was not a preexisting allele. First, the haplotype carrying the deletion has greatly reduced variation relative to the wild type (Fig. 4A) , which is inconsistent with a model in which the causative mutation was neutrally segregating in the population before any selective pressure (38) . Second, the U-shaped SFS is most consistent with a model in which selection acts on a newly arising mutation ( fig. S3) . If the beneficial mutation existed on multiple haplotypes before the selective pressure, we would expect to see an excess of intermediate frequency mutations, which was not observed (38) . Finally, the posterior probability density of the allele age falls entirely within the estimated age of the Sand Hills (Fig. 4B) .
Taken together, our results demonstrate that variation at the Agouti locus is responsible for adaptive coloration in deer mice living on the Nebraska Sand Hills. Although it is clear that a derived increase in Agouti expression leads to wider hair bands and lighter camouflaging color, whether and by which mechanism an amino acid deletion (a DSer ) leads to a change in gene expression and ultimately phenotypic evolution is still unknown. From our estimates of the strength and timing of selection acting on this adaptive allele, we conclude that the wideband Agouti allele arose de novo after the colonization of a novel selective environment, which is counter to recent studies demonstrating adaptation arising from standing genetic variation (39) (40) (41) . This suggests that rapid adaptive change-such as the recent evolution of cryptic coloration in Sand Hill mice-need not always rely on preexisting genetic variation. , n = 102 alleles) alleles. Rows are observed haplotypes; columns are variable nucleotide sites (black indicates ancestral, white indicates derived, and the outgroup is P. maniculatus rufinus). Arrows indicate the derived serine deletion. S and p are given for both haplotypes. Reduced variation among wideband alleles matches the pattern expected under selection on a de novo mutation. (B) Posterior probability distribution for the age (in 4N generations) of the beneficial wideband allele (a DSer ), and minimum age of the Sand Hills (8000 years, or 0.4 4N generations assuming N = 10,000 and 2 generations per year).
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